HIV-infected patients exposed to antiretroviral therapy (ART) have an increased risk for hyperlipidemia and cardiovascular disease. We performed a longitudinal, comprehensive, and population-based study to investigate the cumulative effect of different types of ART regimens on hyperlipidemia risk in the Taiwanese HIV/ART cohort. A total of 13,370 HIV-infected patients (2,674 hyperlipidemia and 10,696 non-hyperlipidemia patients) were recruited after matching for age, gender, and the first diagnosis date of HIV infection by using the National Health Insurance Research Database in Taiwan. Hyperlipidemia risk associated with cumulative ART use, ART adherence, and their combination was assessed. The matched hyperlipidemia group had a larger number of patients using ART and a higher incidence of comorbidities, specifically, respiratory disease and diabetes. Patients with high ART dosage and dose-dependent manner adherence, respectively, demonstrated an increased risk of hyperlipidemia. For single ART regimens, patients receiving nucleoside reverse-transcriptase inhibitors (NRTI/NRTI)-containing regimen had the highest hyperlipidemia risk, followed by protease inhibitor (PI)-containing and non-NRTIwww.impactjournals.com/oncotarget/
INTRODUCTION
According to reports from the WHO (World Health Organization) and the UNAIDS (The Joint United Nations Programme on HIV/AIDS), the estimated number of people living with HIV/ AIDS (PLWHA) in 2015 was 36.9 million [1] . Of these, 17 million people receive antiretroviral therapy (ART). With the aid of ART regimens, HIV replication has been effectively suppressed, and subsequent AIDS-related mortality and morbidity have reduced in these patients [2] . The use of ART has led to decreased risks of drug resistance, HIV transmission and AIDS disease progression as well as improved overall health, quality of life, and survival [3, 4] .
However, adverse effects have been reported for all antiretroviral (ARV) drugs; this is one of the most common reasons for discontinuing or switching ART [5, 6] . Since ART is now recommended for all patients, regardless of CD4 T lymphocyte (CD4) cell count, awareness regarding the adverse effects of its long-term use is paramount. Some of the long-term effects include bone or renal toxicity, hyperlipidemia, diabetes mellitus, or accelerated cardiovascular disease [7] [8] [9] [10] [11] .
Hyperlipidemia is characterized by abnormal levels of any, some, or all the lipids or lipoproteins in the blood [12] . It often occurs in HIV-infected patients who receive ART. The blood lipid profiles of such patients change within three months after receiving ART, and reach a plateau after six to nine months [13] . HIV/ART hyperlipidemia includes high total cholesterol (TC), hypertriglyceridemia (high TG), increased plasma lowdensity lipoprotein cholesterol (LDL-C), increased verylow-density lipoprotein (VLDL), increased levels of apolipoprotein (apoB), and variable levels of plasma highdensity lipoprotein cholesterol (HDL-C) [14] [15] [16] . It has been associated with an increased risk for cardiovascular disease among these patients [14, 15, [17] [18] [19] [20] . Studies have shown that, in HIV/ART patients, the prevalence of hyperlipidemia and the risk for cardiovascular disease range from 20% to 80% [21] . Blood lipid profile alterations were first described in patients receiving protease inhibitors (PI); however, these have also been reported in patients receiving nucleoside reversetranscriptase inhibitors (NRTI) and non-nucleoside reverse-transcriptase inhibitors (NNRTI) [14, 22] .
Since a higher prevalence of hyperlipidemia and cardiovascular disease risk was observed in HIV/ART patients, we investigated the cumulative effect of ART and the adherence of ART regimens on hyperlipidemia risk among HIV/ART patients. We used a longitudinal, comprehensive, and population-based database to investigate demographic characteristics, cumulative ART use, ART adherence, and the effects of ART on the occurrence of hyperlipidemia in the HIV infected patient cohort (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) in Taiwan. In addition, the effects of single and combination ART regimens on hyperlipidemia risk were investigated.
RESULTS

Characteristics of the study patients
Of the 25,010 HIV-infected patients, the study population consisted of 2,706 hyperlipidemia cases and 19,323 non-hyperlipidemia controls (Figure 1 ). The demographic characteristics of hyperlipidemia cases vs. non-hyperlipidemia controls are shown in the left side of Table 1 . Differences in age, gender, follow-up years, ART usage, and comorbidities (cardio-cerebrovascular disease, respiratory diseases, diabetes, renal diseases, and liver diseases) were observed between the two groups. Comorbidities were defined as conditions present in the patients prior to their subsequent HIV diagnosis. The hyperlipidemia cases were characterized by older age, longer follow-up years, an increased incidence in males subjects, for ART use, and comorbidities (cardiocerebrovascular disease, respiratory diseases, and diabetes), respectively (p < 0.001).
The incidence-density sampling match method was used to match the hyperlipidemia and non-hyperlipidemia groups. After matching these two groups for age, gender, and the first diagnosis date of HIV infection, 2,674 hyperlipidemia and 10,696 non-hyperlipidemia patients were included in this analysis ( Figure 1 and Table 1 right side). There were no differences in age, gender, and follow-up years between these two groups. However, there were differences in the frequency distributions of ART usage and in respiratory disease and diabetes comorbidities (p < 0.001). In the hyperlipidemia group, 73.48% used ART, while only 43.33% were reported to use containing regimens. For combination ART regimens, patients receiving a NRTI/NRTI + PI regimen had the highest hyperlipidemia risk. An increased cumulative drug dose was observed in patients who received the PI, NRTI/NRTI, NRTI, and NNRTI regimens in the hyperlipidemia group, when compared to the non-hyperlipidemia group. In conclusion, ART cumulative use, adherence, and regimen may affect hyperlipidemia risk among HIV-infected patients in a dose-dependent manner. www.impactjournals.com/oncotarget ART in the non-hyperlipidemia group. Furthermore, in the hyperlipidemia group, 6.84% of patients had respiratory diseases and 3.59% had diabetes, compared to 4.78% and 1.91%, respectively, in the non-hyperlipidemia group. These results suggest that the matched hyperlipidemia group was characterized by a higher number of patients using ART and an increased incidence of respiratory diseases and diabetes.
Hyperlipidemia risk in HIV-infected patients according to ART cumulative dose, adherence, and their combination As shown in Figure 1 and Table 1 , Taiwanese HIVinfected patients with hyperlipidemia were characterized by higher ART use and a higher number of cases with comorbidities, specifically respiratory diseases and diabetes, even after matching for age, gender, and the first diagnosis date of HIV infection. In order to investigate the effect of ART usage on hyperlipidemia risk among Taiwanese HIVinfected patients, cumulative ART dose, adherence, and their combination were examined ( Table 2 ). The univariate logistic regression model revealed cumulative dose, adherence, and cumulative dose* adherence of ART to be associated with hyperlipidemia risk in a dose-dependent manner (p < 0.0001; with cumulative ART DDDs ≥ 1000 had the highest hyperlipidemia risk, with an OR of 7.08 (95% CI: 6.22-8.06), while patients with cumulative ART DDDs < 1000 had a higher hyperlipidemia risk, with an OR of 3.74 (95% CI: 3.22-4.33), when compared to HIV-infected patients who did not use ART. For ART adherence, patients with ART adherence ≥ 0.8 had the highest hyperlipidemia risk, with an OR of 5.27 (95% CI: 4.72-5.87), while patients with 0.5 ≤ ART adherence < 0.8 had a higher hyperlipidemia risk, with an OR of 2.91 (95% CI: 2.41-3.50) when compared with HIV-infected patients whose ART adherence was < 0.5. For cumulative ART dose* adherence in the multivariate model, patients with cumulative ART DDDs ≥ 1000 and an ART adherence ≥ 0.8 again had the highest hyperlipidemia risk, with an OR of 7.11 (95% CI: 6.23-8.12) followed by patients with cumulative ART DDDs < 1000 and ART adherence ≥ 0.8 (OR: 5.97, 95% CI: 4.86-7.35), patients with cumulative ART DDDs ≥ 1000 and ART adherence < 0.8 (OR:4.43, 95% CI: 3.62-5.43) and patients with cumulative ART DDDs < 1000 and ART adherence < 0.8 (OR: 2.68, 95% CI: 2.22-3.26) when compared with HIV-infected patients who did not use ART. These results suggest that patients were at a higher risk of hyperlipidemia when they were administered a higher ART dosage and had greater dosedependent adherence, using univariate and multivariate regression analyses.
Hyperlipidemia risk in HIV-infected patients according to ART regimen
Different types of ART regimens revealed similar trends for hyperlipidemia risk by using univariate and multivariable logistic regression models (Tables 3 and 4) . Single ART regimens were still associated with hyperlipidemia risk even after adjusting with age, gender, and Charlson's comorbidity in the multivariable logistic regression model (Table 3) . Patients receiving a NRTI/NRTIcontaining regimen had the highest hyperlipidemia risk, with an OR of 3.25 (95% CI: 2.96-3.57). Patients receiving a PIcontaining regimen had a higher hyperlipidemia risk, with an OR of 2.81 (95% CI: 2.57-3.08), while patients receiving a NNRTI-containing regimen had a higher hyperlipidemia risk, 
Cumulative drug dose trend according to the ART regimen
We assessed the cumulative dose distributions between the hyperlipidemia and non-hyperlipidemia groups according to the ART regimen (Figure 2) . The percentages of ART use (cumulative dose > 500 DDDs) increased from 35.2% in the non-hyperlipidemia group to 66.5% in the hyperlipidemia group (Figure 2A) . The percentages of the PI-only regimen (cumulative dose > 500 DDDs) increased from 22.6% for the non-hyperlipidemia group to 43.5% for those in the hyperlipidemia group ( Figure   2B ). The percentages of the NRTI/NRTI-containing regimen (cumulative dose > 500 DDDs) increased from 13.4% for the non-hyperlipidemia group to 27.6% for the hyperlipidemia group ( Figure 2C ). The percentages of the NRTI-containing regimen (cumulative dose > 500 DDDs) increased from 11.6% for the non-hyperlipidemia group to 20.3% for the hyperlipidemia group ( Figure 2D ). The percentages of the NNRTI-containing regimen (cumulative dose > 500 DDDs) increased from 11.3% for the nonhyperlipidemia group to 18.8% for the hyperlipidemia group ( Figure 2E ). These results suggest that an increasing cumulative drug dose was observed in regimens containing PI, NRTI/NRTI, NRTI, and NNRTI in the hyperlipidemia group when compared with the non-hyperlipidemia group ( Figure 2B-2E) .
DISCUSSION
This is the first, longitudinal, comprehensive, and population-based study to describe the cumulative effect of different types of ART regimens on hyperlipidemia risk in the Taiwanese HIV/ART cohort. Our study found that the matched hyperlipidemia group was associated with a higher number of cases of ART usage and an increased incidence in respiratory disease and diabetes comorbidities. Patients were at a higher hyperlipidemia risk when they had a higher ART dosage, use, and adherence, in a dose-dependent manner. For single ART regimens, patients receiving a NRTI/NRTI-containing regimen had the highest hyperlipidemia risk, followed by PI-containing and NNRTI-containing regimens. For the two-combination ART regimens, patients receiving a NRTI/NRTI + PI regimen had the highest hyperlipidemia risk, followed by NRTI + NRTI and NRTI + PI regimens. In addition, an increasing cumulative drug dose was observed in PI, NRTI/NRTI, NRTI, and NNRTI regimens in the hyperlipidemia group when compared with the nonhyperlipidemia group. Our results suggest that cumulative ART use, ART adherence, and the type of regimen may increase hyperlipidemia risk among HIV-infected patients in the highly active antiretroviral therapy (HAART) era in Taiwan. Hyperlipidemia has been associated with genetic causes [23] , or with other underlying comorbidities including respiratory diseases and diabetes [24] [25] [26] . In addition, ART-associated hyperlipidemia can present as TC, high TG, increased plasma LDL-C, increased VLDL, increased apoB, and variable levels of plasma HDL-C [14, 15, 27] . Here, our study paralleled these previous studies, demonstrating that the hyperlipidemia group had a higher level of ART usage. In addition, a metaanalysis of previous studies and our study showed that patients with ART use had a higher hyperlipidemia risk than patients who were not using ART (Supplementary  Table 3 and Supplementary Figures 1-2) [28, 29] . Our results also suggest that HIV patients may have a higher hyperlipidemia risk when they receive ART regimens in dose-and adherence-dependent manners, especially in the cases of PI, NRTI, and NNRTI regimens. In addition, it has been found that better ART adherence is associated with a higher risk of subsequent alterations to the adipose tissue [30, 31] .
For single ART regimens, patients receiving a NRTI/ NRTI-containing regimen had the highest hyperlipidemia risk, followed by PI-containing and NNRTI-containing regimens. NRTI/NRTI regimen treatment (involving two NRTI combined treatment) was associated with the highest risk of hyperlipidemia. NRTI/NRTI includes tenofovir disoproxil/emtricitabine, lamivudine/abacavir, and zidovudine/lamivudine [32] . Our detailed information firstly suggested that among these three NRTI/NRTIcontaining regimens, zidovudine/lamivudine and lamivudine/abacavir, were the significant risk factors of hyperlipidemia ( Supplementary Tables 1 and 2 ). Patients taking lamivudine/abacavir containing regimens have been previous characterized with hyper cholesterol and it was suggested that they switch to efavirenz/emtricitabine/ tenofovir disoproxil to improve their blood lipid parameters [33] .
PI-containing regimen treatment was the second highest risk of hyperlipidemia. PI comprises atazanavir, darunavir, indinavir, lopinavir, nelfinavir, ritonavir, saquinavir, and tipranavir [34] . Patients who receive PI often present with higher levels of triglyceride and LDL-c, lower levels of HDL-c, and this has been associated with peripheral lipodystrophy, hyperlipidemia, and insulin resistance [35] [36] [37] . The possible metabolic mechanism is probably due to the fact that PI may inhibit lipogenesis and adipocyte differentiation [37] . In addition, PI appears to bind to the LDL receptor-related protein (LRP), and thus inhibit the function of the LRP-lipoprotein lipase complex (the cleavage of fatty acids from plasma triglycerides) [35] . PI-induced abnormal lipid metabolism may occur due to the alterations of genes in the adipocytes and hepatocytes through sterol regulatory element-binding proteins (SREBPs), cytoplasmic retinoic-acid binding proteins (CRABP-1), peroxisome proliferator activated receptors (PPARs), and apoCIII [35, 38, 39] . Our detailed information firstly showed that among these eight PIcontaining regimens, lopinavir/ritonavir was associated with the highest risk of hyperlipidemia, followed by ritonavir ( Supplementary Tables 1 and 2 ). Our results are in agreement with previous studies that identified an increased risk of hyperlipidemia associated with HIVinfected patients on lopinavir/ritonavir monotherapy [38] . Lopinavir/ritonavir has been reported to induce a reduction in peripheral adipose depots in mice via increasing SREBP1c protein expression [39, 40] and to impair physical strength in association with reduced IGF1 expression in the skeletal muscle of older mice [41] . Our findings also suggested that ritonavir was the second highest risk of hyperlipidemia (Supplementary Tables 1 and 2 ). Ritonavir has also been associated with hyperlipidemia and premature atherosclerosis [42, 43] . Ritonavir was shown to impair adipocyte differentiation in vitro by increasing the level of active mature ADD-1/SREBP-1 [44] .
NNRTI contains efavirenz, etravirine, and nevirapine [45] . Our detailed information firstly showed that among these three NNRTI-containing regimens, efavirenz was associated with the highest risk of hyperlipidemia (Supplementary Tables 1 and 2 ). Patients prescribed efavirenz have been found to show mild dyslipidemic effects, with increases in total cholesterol, LDL-C, and HDL-C [46, 47] . Efavirenz also impairs adipocyte differentiation in vitro [48] . Preadipocytes treated with efavirenz fail to accumulate cytoplasmic triacylglycerol droplets via suppression of SREBP-1c protein expression, which contributes to adipose tissue atrophy.
NRTI-containing regimen treatment was the fourth highest risk of hyperlipidemia. NRTI contains abacavir, didanosine, lamivudine, stavudine, zalcitabine, zidovudine, and tenofovir disoproxil. NRTI regimens are also associated with alterations in hypertriglyceridemia and body fat deposition [49, 50] . Our study suggested that five of these seven NRTI-containing regimens, abacavir, didanosine, lamivudine, stavudine, and zidovudine, were associated with the risk of hyperlipidemia (Supplementary Tables 1  and 2 ). Among them, didanosine has been previously found to induce hyperlipidemia [51] [52] [53] . Stavudine-containing regimens have also been previously shown to be associated with hyperlipidemia, through a mechanism involving mitochondrial respiratory chain dysfunction and reduced www.impactjournals.com/oncotarget SREBPs and adiponectin levels [54] . Similarly, lamivudinecontaining regimens induced higher levels of cholesterol [33] .
For combination ART regimens, patients receiving a NRTI/NRTI + PI regimen had the highest hyperlipidemia risk. In addition, a meta-analysis of previous studies and our study identified that patients on NRTI/NRTI + PI regimens had a higher hyperlipidemia risk than patients who did not have NRTI/NRTI + PI regimens (Supplementary Table 3 and Supplementary  Figures 3-4) . Our detailed information firstly showed that among these 15 NRTI/NRTI + PI regimens, lopinavir/ ritonavir + zidovudine/ lamivudine was associated with the highest risk of hyperlipidemia, followed by lamivudine/ abacavir + lopinavir/ ritonavir (Supplementary Tables 1  and 2 ). Further functional characterization of these two combined ART regimens in pre-adipocyte differentiation is required. To our knowledge, this is the first, longitudinal and comprehensive study to describe the effect of different types of ART regimens on hyperlipidemia risk by using a database that included all HIV infected patients in Taiwan. Moreover, our results suggest that patients who received a NRTI/NRTI + PI regimen exhibited the highest hyperlipidemia risk.
Our results provide a comprehensive assessment of hyperlipidemia risk associated with ART regimens in Taiwanese patients and may provide future directions regarding alternative ART regimens to avoid the additional risk of hyperlipidemia. Furthermore, lipid-lowering agents such as statin, fibrate, complementary herbal medicine, and lipid-based nutrient supplements to reduce the additional risk of hyperlipidemia are increasingly acknowledged for HIV infected patients to improve survival as well as hyperlipidemia risk [55, 56] . The efficacy and safety of statins in HIV infected patients with hyperlipidemia has been investigated and these are suggested for use in children, adolescents and young adults [57] .
By using the National Health Insurance Research Database in Taiwan, we were able to investigate the hyperlipidemia risk associated with cumulative ART usage, adherence, and their combination. Limitations of this study included a lack of blood physiological and biochemical measures in this database, such as TC, TG, LDL-C, VLDL, apoB, and variable levels of plasma HDL-C. Other limitations included the lack of information regarding the inflammatory state and immune activation of these HIV infected patients, genetic and environmental factors (including levels of job stress and exercise), personal histories (including education and body mass index), and potential disease misclassifications [58] [59] [60] [61] [62] . In this study, we used a population-based database to investigate the cumulative effect of ART and the effect of ART regimens on hyperlipidemia risk in a Taiwanese HIV/ART cohort. Our study provides evidence that cumulative ART use, adherence to ART, and the type of regimen increases hyperlipidemia risk in HIV-infected patients in a dose and adherence-dependent manners in the Taiwanese HAART era.
MATERIALS AND METHODS
Study population
This study was designed as a population-based retrospective cohort and nested case-control study, and its purpose was to explore the cumulative effect of ART regimens and ART adherence on hyperlipidemia risk in HIV-infected patients in Taiwan. HIV-infected patients (N = 25,010) were selected from the National Health Insurance (NHI) system in Taiwan (Figure 1 ). This Taiwanese NHI system provides a database-the National Health Insurance Research database (NHIRD; http://nhird. nhri.org.tw/), which has been established since 1995. This database covers insurance for the majority of the Taiwanese population, and provides valuable information such as age, gender, comorbidities, and prescription patterns etc., for research purposes to scientists.
Information on 25,010 HIV-infected patients (ICD-9-CM: 042-044, 079, and V08 code) was requested from the NHI, Taiwan. There were 22,755 HIV-infected Taiwanese patients between 1998 and 2011. Individuals with hyperlipidemia prior to HIV infection (N = 726) were excluded. After application of these criteria, 22,029 participants were finally included in the study cohort. The date of satisfying the diagnosis of HIV infection was designated as the index date. The cases were defined as patients who had first reported hyperlipidemia between 1998 and 2011, after HIV infection (N = 2,706; Figure 1 ). Hyperlipidemia was defined according to the ICD-9-CM: 272. The controls were HIV-infected patients with no record of hyperlipidemia (N = 19,323). With the aim of having four controls per case patient, the incidencedensity sampling match method was applied to match the hyperlipidemia and non-hyperlipidemia groups. After matching these two groups for age, gender, and the first diagnosis date of HIV infection, 2,674 hyperlipidemia and 10,696 non-hyperlipidemia patients were included in this study. This study was approved for the purchase and investigation of the National Health Insurance Research Database (NHIRD) by the Human Studies Committee of China Medical University Hospital, Taichung, Taiwan. No informed consent was given because the data were analyzed anonymously.
Data collection
The demographic data collected included age, gender, follow-up years, ART usage, and comorbidities. (Table 1) .
Statistical analysis
The demographic data were expressed as counts and percentages for categorical variables, for both the hyperlipidemia and non-hyperlipidemia groups. These included age, gender, ART usage, and comorbidities, which were analyzed by chi-squared tests. The follow-up years for both the groups were expressed as continuous variables and analyzed by the student t-test. The distribution of the cumulative drug dose trend between the hyperlipidemia and non-hyperlipidemia groups was analyzed by chisquared tests. Conditional logistic regression analysis was applied to explore the effect of cumulative ART dose and adherence to ART on hyperlipidemia risk in HIV-infected patients. Conditional logistic regression analysis was also applied to explore the effect of different types of ART regimens on hyperlipidemia risk in HIV-infected patients. In addition, conditional logistic regression analysis was applied to explore the effect of different combination ART regimens on hyperlipidemia risk in HIV-infected patients. All p-values < 0.05 were considered significant. All data management and statistical analyses were performed using the Statistical Analysis System (SAS) software (version 9.3; SAS Institute, Cary, NC, USA).
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